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Abstract The XENON1T dark matter experiment aims to detect Weakly Interacting Massive Par-
ticles (WIMPs) through low-energy interactions with xenon atoms. To detect such a rare event ne-
cessitates the use of radiopure materials to minimize the number of background events within the
expected WIMP signal region. In this paper we report the results of an extensive material radioassay
campaign for the XENON1T experiment. Using gamma-ray spectroscopy and mass spectrometry tech-
niques, systematic measurements of trace radioactive impurities in over one hundred samples within
a wide range of materials were performed. The measured activities allowed for stringent selection and
placement of materials during the detector construction phase and provided the input for XENON1T
detection sensitivity estimates through Monte Carlo simulations.
aWallenberg Academy Fellow
bAlso with Coimbra Engineering Institute, Coimbra, Portugal
cemail: galloway@physik.uzh.ch
dAlso with Albert Einstein Center for Fundamental Physics, University of Bern, Bern, Switzerland
eemail: xenon@lngs.infn.it
31 Introduction
Observations at astronomical and cosmological
scales indicate that a majority of the mat-
ter content of our Universe is in the form
of non-relativistic, long-lived, and non-luminous
dark matter [1–4]. Extensions of the Standard
Model favour a candidate for dark matter in the
form of a Weakly Interacting Massive Particle
(WIMP) [5,6]. Its interaction with normal matter
can be probed directly via elastic scattering off
target nuclei, thus motivating searches through
direct detection [7]. The XENON collaboration
has constructed and commissioned the first ton-
scale liquid-xenon dark matter detector, aiming
to observe primarily low-energy nuclear recoils of
WIMPs with unprecedented sensitivity.
XENON1T, a dual-phase time projection
chamber (TPC) [8, 9], was designed to improve
the sensitivity of its predecessor, XENON100 [10,
11], by two orders of magnitude for the spin-
independent WIMP-nucleon interaction cross
section. The increased sensitivity is achieved
through reducing the background and increasing
the target mass, i.e. the amount of liquid xenon
(LXe) enclosed by the TPC, by a factor of 32,
allowing for a sensitive volume, after fiducializa-
tion, of ∼1 ton. In rare-event searches, under-
standing and minimizing background events that
occur within the sensitive volume of the detector
is of utmost importance. This necessitates the
use of construction materials with low intrinsic
radioactivity, passive and active detector shield-
ing, and sophisticated analysis techniques in or-
der to prevent background events within the pa-
rameter space where a WIMP signal is expected.
The XENON1T radioassay program ad-
dresses backgrounds that come from radioac-
tive impurities within detector construction ma-
terials. Radioassay of candidate materials pro-
vides information about the type and amount
of expected emissions, thus allowing for selec-
tion and strategic placement of the most radiop-
ure materials within the detector. The measured
results provide the material-induced radiogenic
component to the overall background model of
XENON1T. Through Monte Carlo simulations
using the activities from each component, accu-
rate predictions of the detector sensitivity were
performed [12].
Here we present an overview of the screening
and material selection process for XENON1T.
Section 2 describes expected background sources
and reduction methods. The techniques and in-
struments used to identify and estimate radioim-
purities of each sample are detailed in Section 3.
Section 4 describes the various materials and
components that were screened with respect to
the decay chains and isotopes that are of great-
est concern. For each relevant decay chain and
single-line emission, the radioassay results are
presented in Table 1. We summarize the results
in Section 5 with a discussion of the impact on
the XENON1T sensitivity with respect to the
materials measured in this study.
2 Background expectation and
minimization
Particle interactions with either atomic electrons
or nuclei of the xenon target result in elec-
tronic recoil (ER) events or nuclear recoil (NR)
events, respectively. The nuclear recoil back-
ground, predominantly from neutrons, is the
most dangerous, as the signature of a WIMP is
a single-scatter, NR event. Background discrimi-
nation and rejection techniques include removing
multiple-scatter events, fiducializing the target
volume through event vertex reconstruction, and
exploiting the difference in energy loss per unit
track length between ER and NR events [13].
However, ER events that occur within the fidu-
cial volume can leak into the NR region of the
WIMP discrimination parameter space as well as
obscure other rare event searches that are other-
wise possible in the ER channel. The aim, there-
fore, is to mitigate sources of both types of back-
grounds and to accurately estimate the number
of expected background events within the WIMP
search region.
External background from cosmic rays,
i.e. hadronic components and muon-induced neu-
trons, is suppressed by operating the detector at
an average depth of 3600 meters water equiva-
lent in the Laboratori Nazionali del Gran Sasso
4(LNGS), thus reducing the muon flux by a factor
of 106 relative to a flat overburden [14]. A water
shield instrumented with veto PMTs surrounds
the detector by at least 4 meters on all sides to
provide passive shielding and to reject coincident
events detected via Cherenkov radiation [15]. So-
lar neutrinos are another potential source of ex-
ternal background, both ER and NR, the latter
from coherent neutrino-nucleus scattering.
Sources of ER background that are intrin-
sic to the xenon target, e.g. the beta emitter
85Kr, and the double-beta emitter 136Xe, are ex-
pected to be uniformly distributed throughout
the xenon, thus cannot be reduced through fidu-
cialization. However 85Kr can be significantly re-
duced through distillation from natKr to < 0.2
ppt [16], and 136Xe, comprising 8.9% of natural
xenon, has a subdominant contribution of < 2%
to the total ER background [12]. Although not
natively intrinsic to the scintillator, the noble gas
222Rn (T1/2 =3.8 d), originating from the long-
lived 226Ra (T1/2 =1600 yr), mixes with the
xenon and becomes homogeneously distributed
within the target. Beta decays of its daughter
isotopes are the dominant source of ER back-
ground. Moreover, 214Pb and the daughter iso-
topes from its decay to ground state adhere to
material surfaces (plate-out) and can lead to
(α, n) reactions within the target volume. Be-
cause of plate-out effects from both parent and
daughter isotopes of 222Rn, the level of contam-
ination for this isotope is determined by directly
measuring its emanation from construction ma-
terials. This technique will be described in a sep-
arate publication [17]. Additionally, a significant
reduction in radon by online purification has re-
cently been demonstrated by the XENON collab-
oration through the use of a cryogenic distillation
technique [18].
The radioassay program described in this
paper targets the background from radionuclei
present as residual traces in the detector com-
ponents. The most common radioactive contam-
inants are long-lived (T1/2 > 1 yr) primordial ra-
dionuclei within the 238U and 232Th decay chains
and the single isotope 40K. The latter isotope
as well as several isotopes within the primordial
chains decay via high-energy gamma emissions
that cannot be completely removed through fidu-
cialization. Additionally, several isotopes belong-
ing to these chains release neutrons either di-
rectly through spontaneous fission of heavy nu-
clei or indirectly via (α, n) reactions following
alpha decays within the chains.
In addition to primordial radioisotopes, an-
thropogenic radioisotopes, such as 137Cs and
110mAg, can be found in some detector mate-
rials. These isotopes are either manufactured for
medical or industrial use or are generated from
nuclear power plant waste, nuclear accidents, or
military testing. Cosmogenic isotopes, such as
54Mn, 46Sc, and 56−58Co, can be found mainly
in metal components as a result of activation
from exposure to cosmic rays [19]. An additional
common radionuclide is 60Co, which is primar-
ily anthropogenic in origin in stainless steel and
cosmogenically induced in copper. Most of the
listed radionuclei, including many of the isotopes
within the primordial decay chains, can be de-
tected with high sensitivity by the XENON1T
radioassay techniques described in Section 3.
3 Techniques and measurements
To determine the amount and isotopic composi-
tion of radionuclides present in the XENON1T
materials, gamma-ray spectroscopy and mass
spectrometry methods were used. The former
provides a non-destructive technique sensitive to
almost every relevant gamma emitter and al-
lows to detect a break of secular equilibrium
within the primordial decay chains. To reach
the detection sensitivity required by current dark
matter search experiments, e.g. at or below the
µBq/kg level for some materials, large sample
masses (∼ 10−20 kg) and long counting times
(∼ 15−20 d) are usually necessary. This is par-
ticularly the case for low-energy gamma emitters
due to self-absorption within the sample volume.
Mass spectrometry, in particular, Induc-
tively Coupled Plasma Mass Spectrometry (ICP-
MS) and Glow Discharge Mass Spectrometry
(GDMS) were used to assess the composition of
a given sample through separation and measure-
ment of individual isotopes. This is particularly
5useful in determining the amount of 238U and
232Th within materials. Because ICP-MS and
GDMS require just a few grams of sample mate-
rial and short measurement times, they are also
used when the mass of the sample is too small
or the available measurement time too short to
achieve the desired sensitivity in an HPGe spec-
trometer.
3.1 Germanium spectrometers
The XENON collaboration utilizes several of the
world’s most sensitive germanium spectrometers,
the Gator [20] detector and the four GeMPI de-
tectors [21], that are located in ultra-low back-
ground facilities at LNGS at the same depth
as the XENON1T detector. These spectrome-
ters have an excellent energy resolution over
the energy range of interest (∼ 50− 2650 keV
with, e. g. < 3 keV FWHM at 1332 keV) and
can reach sensitivities down to the µBq/kg level.
All detectors are p-type, intrinsically pure ger-
manium crystals in a coaxial configuration, with
masses between 2.2−2.3 kg and enclosed in a
low-background cryostat housing. The sensitive
region of the cryostat protrudes into an inner
chamber made of electro-refined, Oxygen-Free
High-Conductivity (OFHC) copper, with a ma-
terial sample capacity of several liters in volume.
The inner chamber is constantly purged with
pure nitrogen to suppress the influx of radon.
The copper is surrounded by a 15−25 cm thick
lead shield, where the innermost layer of 2−5 cm
has a low level of 210Pb contamination. Radon-
free nitrogen-flushed glove boxes are located on
top of each detector.
The radioassay program used three ad-
ditional spectrometers, Corrado, Bruno, and
GIOVE [22], that are operated underground in
the Low-Level Laboratory at Max Planck Insti-
tut fu¨r Kernphysik (MPIK) in Heidelberg. The
laboratory has an overburden of 15 meters water
equivalent that reduces the muon flux by a fac-
tor of 2−3 and the hadronic background compo-
nent by a factor of 1000 as compared to sea level.
The spectrometers are surrounded by copper and
lead shielding. Additionally, an active muon veto
and polyethylene to moderate neutrons surround
the Giove detector. These three detectors are p-
type germanium crystals with masses between
0.9−1.8 kg that can reach sensitivities between
0.1−1 mBq/kg.
Given the higher background and lower de-
tection sensitivity with respect to the spectrom-
eters operated at LNGS, the MPIK detectors
were mostly employed for radioassay of compo-
nents that are far from the sensitive volume of
the XENON1T TPC, such as the tank for the
water shield as well as the support structures
and calibration systems within the shield. Most
of the materials from components closest to the
active volume of the TPC were screened with
the GeMPI or Gator detectors at LNGS. For
several smaller samples, additional detectors at
the LNGS underground low-background facility
STELLA (SubTerranean Low Level Assay) were
used [23].
Samples were cleaned using the same tech-
niques as in the final detector construction when
possible. Otherwise, the standard procedure was
to clean each sample with a mild acid soap (Elma
EC70), followed by rinsing with deionized water
and immersion in high-purity ethanol (> 95%).
Each step utilized an ultrasonic bath for 20 min-
utes. Samples where acid soaps or immersion in
liquids should be avoided, such as photomulti-
plier tubes and cables, were cleaned by wiping
the surface with ethanol. During transport of the
samples to the detector glovebox, they were ei-
ther enclosed in clean plastic bags or wrapped
in plastic foils in order to prevent the plate-out
of 222Rn daughters from the environment. The
samples were then stored in an outer glovebox of
the detector prior to their measurement in order
to let the radon and its daughters decay.
For every measured sample, a Monte Carlo
simulation based on the GEANT4 toolkit [24]
was used to calculate the detection efficiencies
for each emitted gamma line. The efficiencies
were used in combination with the sample mass,
measurement time, and branching ratio of each
characteristic gamma-ray line to determine the
specific activities or detection upper limits of
each radioisotope. Further details on analysis
6procedures for the HPGe detectors can be found
in [20,21].
3.2 Inductively Coupled Plasma Mass
Spectrometry
Inductively Coupled Plasma Mass Spectrometry
is one of the most sensitive analytical techniques
for trace element analysis. The intrinsic radioac-
tivity of materials can be deduced by measur-
ing the concentration of long-lived radionuclides.
The sample (fractions of a gram are enough for
a measurement) is introduced as an aqueous so-
lution through a peristaltic pump, nebulized in
a spray chamber, then atomized and ionized in
a plasma. The ions are extracted into an ultra-
high vacuum system and separated according to
their mass-to-charge ratio by the mass analyzer.
The concentration of the ions is calculated based
on the response of reference standard solutions.
Depending on the nature of the sample, sensitiv-
ities on the order of 10−11 to 10−13 g/g for 238U
and 232Th and 10−7 to 10−8 g/g for 39K can be
reached. This corresponds to activities of 1−100
µBq/kg and a few mBq/kg, respectively. The
uncertainty of measurement is between 20−30%
and accounts for several factors, such as the in-
strumental precision, the single replicate mea-
surement and the single-point calibration curve.
For this radioassay campaign, measurements
were performed with a 7500a ICP-MS from Agi-
lent Technologies and an Element II HR-ICP-MS
from ThermoFisher Scientific. Both instruments
are located in a ISO6 clean room at the Chem-
istry Laboratory of LNGS.
3.3 Glow-discharge mass spectrometry
The Glow Discharge Mass Spectrometry mea-
surements for XENON1T were performed at
EAG Laboratories [25]. Rather than being in-
troduced as an aerosol as in ICP-MS, a negative
bias is applied to the solid sample material while
exposed to an argon-based plasma in order to
induce sputtering via ion-target collisions. Once
the material is sputtered into the plasma and
subsequently ionized, an ion beam is extracted
and focused through a high resolution mass
spectrometer. Ions are separated according
to their mass-to-charge ratio. Sensitivity of
sub-ppb level or 10−10 g/g (∼1 mBq/kg) can be
reached with an uncertainty between 20−30%.
Electrical conductivity of the sample is needed
for stable and reproducible glow formation,
thus the reliability and sensitivity of GDMS
may vary depending upon properties of the
target material. As with ICP-MS, GDMS is
particularly useful in determining the 238U
and 232Th concentrations. Although ICP-MS
provides a better sensitivity than GDMS, the
choice to use GDMS was primarily due to the
availability and location of the measurement
facilities.
4 Radioassay results
Results obtained through the radioassay pro-
gram are shown in Table 1. Throughout the text,
the samples are identified by their unique item
numbers (“#”). The detector is shown in Figs.
1 and 2 to introduce the most relevant sub-
groups and components. These are given in the
“XENON1T Use” column of Table 1 in the case
where the material or component was chosen for
detector construction.
Supplier information is provided where ap-
plicable. For measurements conducted with the
HPGe spectrometers, the sample mass and mea-
surement duration are noted. Uncertainties, in-
cluding both statistical and systematic, the latter
primarily from efficiency simulations, are given
in parentheses as ± 1σ of detected activities or
at 95% confidence level for upper limits. Unless
otherwise specified, the uncertainties of ICP-MS
and GDMS measurements are 30% and are pri-
marily systematic, as described in Section 3.2.
The upper part of the 232Th decay chain
is measured directly by mass spectrometry
methods but is only detectable from gamma-
ray spectroscopy following the 228Ra decay
(T1/2 = 5.7 yr). Rather than assuming secular
equilibrium in the upper part of this chain, the
7Fig. 1: The XENON1T TPC with cryostat, sec-
tion view, subgroups are indicated with refer-
ence to the “XENON1T Use” column of Ta-
ble 1.
two results are presented together with an indi-
cation of which part of the chain was measured.
It is worth noting that, with one exception (cop-
per #4), all samples for which both 232Th with
ICP−MS and 228Ra with HPGe spectroscopy
were measured show consistent results, thus in-
dicating no break in secular equilibrium at 228Ra
for these samples.
In addition to the decay chain and ra-
dioisotope activities listed in Table 1, Table 2
shows results from cosmogenic radionuclei with
short-to-moderate half-lives (T1/2 < 1 yr), as de-
tected with HPGe spectrometers.
All results reported here will be made avail-
able via the radioassay community database at
http://www.radiopurity.org. [26]. Further details
on many of the XENON1T samples and their
measurements can be found in [27].
Fig. 2: The XENON1T TPC with cryostat,
subgroups are indicated with reference to the
“XENON1T Use” column of Table 1.
4.1 Metal samples
Commercially available Oxygen-Free High Con-
ductivity or Oxygen-Free Electrolytic copper
(OFHC or OFE copper) from primarily two dif-
ferent distributors was used for several major
components of the TPC: the 74 field-shaping
rings that surround the TPC (#1), the top and
bottom PMT array support structures (#2, #3),
and the bottom structural ring of the field cage
(#4), comprising ∼190 kg of the detector mass.
Copper is intrinsically radiopure, with detected
activities of the natural decay chains at the ppt
level (see Table 1). One can see that the 60Co
activity from cosmogenic activation varies from
batch to batch, depending on the storage and
8shipment of the material [28]. Because of its rel-
ative purity, copper was used as a substitute
for stainless steel wherever possible. A sample
of copper plated with 2 µm thick gold (#6) was
considered for the field-shaping rings to minimize
radon emanation, however the samples showed
significantly higher 40K activity that was most
likely introduced as part of the electrochemical
plating process.
The radiopurity of stainless steel can vary be-
tween batches, depending upon the source of the
raw material, the method of heating and form-
ing the material, as well as the location and du-
ration of storage of the metal (cosmogenic ac-
tivation). In order to minimize emissions from
stainless steel components near the sensitive vol-
ume, the cleanest batches of available material
were required. Therefore many batches of 304
and 316 stainless steel from six different manu-
facturers (17 samples in total) were screened for
radiopurity. The samples originated from differ-
ent melts and consisted of varying thicknesses.
The NIRONIT Edelstahlhandel GmbH & Co.
samples (#8−10) that were particularly low in
226Ra, 232Th, and 60Co were selected for produc-
tion of various TPC components and the cryostat
vessels. Materials for components that are in di-
rect contact with the liquid xenon, such as the
cryostat pipe (#11), were selected for low 226Ra
contamination in order to minimize emanation
of 222Ra that can mix with the xenon and end
up in the fiducial volume.
In many of the stainless steel batches, a de-
pletion in 226Ra with respect to the upper half
of the 238U chain is observed, thus indicating
a clear break in secular equilibrium that most
likely occurred during processing of the raw ma-
terials. In particular, a disequilibrium of more
than a factor of 10 can be seen for items #17,
#23, and #30. Additionally, a break between
the upper and lower parts of the 232Th chain
is observed in some of the HPGe measurements
(#12−14, #17, #25, #30). Because these results
were obtained through HPGe spectroscopy, the
232Th activity was not measured directly, thus
the break in this chain is a possible indication of
depletion in 228Ra.
The induced background from the
XENON1T structural components, such as
the water tank and outer support structures
(#24−27, in addition to many screened samples
not listed), was shown to be negligible in the
Monte Carlo simulations due to their distance
from the sensitive volume [12]. The screened
stainless steel hardware (#28, #29) used for
critical internal components, such as for the
resistor chain and electrode fasteners, also had a
negligible background contribution as the total
mass used in the final construction was less than
1 kg.
Titanium was considered as a potential cryo-
stat material because of its high tensile strength
as compared to copper and potentially lower ra-
dioactivity as compared to stainless steel. It has
previously been used in the LUX experiment [29]
and investigated for use in the upcoming LZ ex-
periment [30]. Three different grades of titanium
from four different suppliers were measured. The
measured contamination of the titanium sam-
ples (#32−40) showed roughly a factor of 10
higher activity in the uranium chain as com-
pared to the stainless steel used for the cryo-
stat (#9). The other difference in contamina-
tion between the two material types was with
respect to 60Co, which is subdominant in tita-
nium but of concern in stainless steel, and 46Sc,
a prominent cosmogenic isotope in titanium, as
shown in Tables 1 and 2, respectively. Addition-
ally, the lower mechanical strength of titanium
as compared to stainless steel would have re-
quired a thicker cryostat. When taking this into
account in the Monte Carlo simulations, the neu-
tron background from a titanium cryostat was
considerably higher than for its stainless steel
counterpart, therefore the latter material was
chosen to construct the XENON1T cryostat.
4.2 Plastic samples
Due to its good VUV reflectivity (>95%), a di-
electric constant similar to liquid xenon, low-
outgassing properties as compared to other plas-
tics, and machinability, polytetrafluoroethylene
(PTFE) is the material of choice for reflective
9surfaces within the field cage. Because it di-
rectly encloses the LXe sensitive volume, its ra-
dioactive content must be sufficiently low and
also precisely measured to achieve an accurate
background estimate. All of the PTFE samples
were measured using ICP-MS for better quan-
tification of the primordial chain progenitor iso-
topes and to complement the HPGe measure-
ments where available, showing levels typically
at the tens of ppt or µBq/kg level (#46−50).
PTFE doped with 15% quartz to increase the
reflectivity (#51) was also measured, however
showed gross contamination in all of the natural
chains as seen in Table 1. The primordial chains,
due to alpha decays, are of particular concern for
PTFE, as neutrons can be generated in the ma-
terial via 19F(α, n) reactions [31]. Thus efforts
were also made to minimize the total amount of
this material used in construction.
Polyamide-imide (PAI, in this case Torlon
4203L) was investigated for use as an insulat-
ing, structural material as it has a high dielectric
constant, good mechanical strength, low thermal
contraction, and allows for high-precision ma-
chining. Radioassay results (#53, #54) showed
activities from the primordial chains to be a fac-
tor of 10 to 100 higher than its structural coun-
terpart, PTFE. However, due to the absence of
fluorine, neutron emission via (α, n) is not an is-
sue with PAI. It was used for small but critical
components, e.g. as insulating spacers.
Commercially available PEEK (polyether
ether ketone) screws were used at locations in-
side the TPC that required a high dielectric
constant but with limited load-bearing require-
ments. Only one PEEK sample was measured
(#52), yielding results on the order of 1−10
mBq/kg, comparable to that of PAI.
For all of the plastic samples, no clear break
in secular equilibrium is observed in the primor-
dial decay chains. However the case of equilib-
rium is inconclusive, as only upper limits were
measured for most samples. One exception is the
PTFE doped with quartz (#51), that shows a
clear break in the 232Th chain.
4.3 Photomultiplier tubes and related
components
The radioactive budget of the Hamamatsu
R11410 3-inch diameter photomultiplier tubes
was initially estimated through screening of the
raw materials used in fabrication. Subsequently,
several versions of PMTs were produced and
screened with the goal of minimizing the total
radioactivity of the tube to arrive at the final
version, R11410-21. Of this version, the averaged
activities of 320 PMTs measured with Gator and
40 PMTs measured with GeMPI I are reported in
Table 1 (#69, #70). Where only an upper limit
was found, no entry is provided. Further details
on the specific material contributions and the de-
velopment of these low-background photomulti-
pliers are given in [32].
Several samples of cables for the PMTs were
screened to find clean batches. The detected ac-
tivities for the signal and high-voltage cabling
(#55−56, and #57−58, respectively) that were
selected for final construction were typically at
the tens or lower mBq/kg level, with the ex-
ception of the considerably higher presence of
40K, particularly in the high-voltage (kapton) ca-
bles. The remaining PTFE (#59−61) and kap-
ton coaxial and flat cables (#62−64) were not
used due to higher levels from the primordial de-
cay chains.
The connectors for the PMT signal and
high-voltage cables, respectively, consisted of
male/female pairs of micro-miniature coaxial
(MMCX) connectors made from a copper-zinc
alloy (#66) and of subminiature-D (D-sub) pins
made from either a copper-beryllium alloy (#65,
#68) or a gold-plated copper alloy (#67). Due
to the minimal total mass and the locations of
the connector assemblies relative to the sensitive
volume (in the cryostat pipe and on top of the
diving bell), their radioimpurities are considered
to have a negligible contribution to the overall
background budget. Therefore all of the screened
batches were used in the final construction. Addi-
tionally, a measurement of a representative sam-
ple of the high-voltage connectors mounted in
custom-made PTFE holders, as produced for the
final assembly, was performed with a new HPGe
10
spectrometer, GeMSE, and showed consistent re-
sults [33].
Connected directly to the base of each PMT
is a voltage divider network that consists of a
Printed Circuit Board (PCB, #94) with sock-
ets (#93), solder (#99), resistors (#81 − 84),
and capacitors (#86, #88). Several batches of
the same types of components were screened,
as there was some variation among batches and
with respect to different PCB materials. The fi-
nal PCBs assembled with components (referred
to as the PMT base in Table 1) used the clean-
est components where possible and then screened
with an HPGe spectrometer (#100). The activ-
ity per assembled base was measured to be about
a factor of 10 lower than the activity from the
PMT itself.
Several of the components for the PMTs show
a clear break in secular equilibrium in the 238U
chain indicating a depletion of 226Ra, particu-
larly the connectors (#66), the sockets (#93),
many of the resistors, and, consequently, the as-
sembled bases (#100).
4.4 Other samples
Several components that were composites of dif-
ferent materials, such as insulated conductors
for electrode high voltage (a copper rod in-
serted into a PTFE insulator, #103) and capac-
itive sensors to measure the LXe level (“levelme-
ters”, #101−102) were screened post-fabrication
and showed acceptable activities. The remaining
components listed under “Miscellaneous” showed
high levels in the primordial decay chains. How-
ever, these components are used in the calibra-
tion or leveling systems that are located within or
outside of the Cherenkov detector and quite far
from the TPC sensitive volume, therefore have
negligible contributions to the background.
4.5 Summary of material placement
The contribution from each material to the back-
ground depends upon its total mass and prox-
imity to the sensitive volume as well as its type
Fig. 3: The XENON1T TPC with material item
numbers as given in Table 1.
and energy of emission. The locations of screened
materials used for the major components of the
XENON1T TPC are indicated in Fig 3 by item
number. The radioassay results from Table 1
in combination with the material distribution
within the instrument informed the XENON1T
background predictions, as described in [12].
The field cage of the XENON1T TPC con-
sists of PTFE reflector panels and support pillars
(#50), the latter hold and maintain separation
between the 74 high-purity copper field-shaping
rings (#1). The bottom ends of the PTFE pillars
are mounted to a copper ring (#4) and are sup-
ported on the top by a stainless steel ring (#10).
Bottom and top arrays of photomultiplier tubes
(#69, #70, #100) face the target liquid-xenon
volume enclosed by the field cage. The bottom
array consists of a copper support plate (#2, #3)
with a PTFE layer underneath (#49) for elec-
trical insulation and a polished PTFE surface
(#49) at a stand-off distance above the Cu plate
in order to reflect the VUV light from the sur-
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faces surrounding the PMT photocathodes. The
top array consists of the same layers as the bot-
tom array, mounted upside-down inside of the
stainless steel diving bell that controls the LXe
level (#10, shown in Fig 2). In front of the photo-
cathode surfaces of each PMT array are stainless
steel screening electrodes (#10, not indicated in
Fig 3) to protect the PMTs from the field cage
high voltage, small PTFE reflectors (#48), and
the three electrodes (#10) that provide the elec-
tric field across the TPC (cathode below the tar-
get, gate and anode electrodes above the target).
Components not shown in Fig 3 include
small parts such as the 5 GΩ resistors (#71)
that connect neighbouring copper field-shaping
rings, PMT cabling and connectors (#55−58,
#65−68), and small copper (#1), PEEK (#52),
and stainless steel screws (#8, #28, #29) that
were used throughout the TPC. Also not shown
are components mounted onto or near the top
stainless steel ring such as PAI (#53, #54) and
PTFE (#50, #103) insulating spacers, and the
levelmeters (#102) which are used to precisely
measure the vertical position of the xenon liq-
uid/gas interface.
Other TPC components (not shown in Fig 3)
are two long levelmeters (#101) which are used
during LXe filling and a stainless steel with
polyethylene high-voltage feedthrough (made
from #8, #108) inside of a PTFE insulator
(#47) that span the length of the field cage. The
PMT signal and high-voltage cables (#55, #57)
extend from the bottom PMT array along the
length of the field cage and from the top PMT
array inside the diving bell. The cables are then
routed over the diving bell and connect to the ca-
bles (#56, #58, connected by #65−68) that ar-
rive from the data acquisition room via the cryo-
stat pipe (#11, partially shown in Figs 1 and 2).
The cryostat (#9), shown in Figs 1 and 2,
consists of an inner stainless steel vessel that en-
closes the TPC and liquid xenon, nested inside
an outer vessel that is evacuated for thermal in-
sulation. The cryostat vessels and their domes
(#8, #9) are covered by mylar insulation (#41)
to reduce heat losses. Not shown are components
outside of the cryostat, such as the calibration
systems (#104, #105, #107) and stainless steel
support structures (#25−27) within the water
shield, and the 10 meter high, 9.6 meter diam-
eter stainless steel tank that contains the water
shield (#24).
5 Discussion and impact on the
XENON1T background
The results from the radioassay campaign were
used as source terms in the detector Monte Carlo
simulations. The detected radioactive isotopes
and decay chains were uniformly distributed
within each component of the mass model ac-
cording to their measured radioactivities. Each
background source, before ER/NR descrimina-
tion, is given in terms of an event rate over a
1 ton super-ellipsoid fiducial volume with respect
to the energy region of interest (ROI). As elec-
tronic recoils and nuclear recoils induce a differ-
ent response in liquid xenon, nuclear recoils in
the (4, 50) keVnr interval yield the same signal
intensities from scintillation as ER events in the
(1, 12) keVee (electron equivalent) energy ROI.
The simulation and analysis details are given
in [12].
Figure 4, top, shows the relative expected
contributions to the total ER background events
for external background sources (i.e. solar neu-
trinos), sources of intrinsic backgrounds (136Xe,
85Kr, and 222Rn), and for each of the main
XENON1T components. Thanks to the mate-
rial selection campaign described in this work,
the material-induced gamma-ray background is
negligible within the (1, 12) keVee WIMP search
region compared to the contribution from 222Rn
emanation. The dominant intrinsic 222Rn con-
tamination was estimated to be 10 µBq/kg in the
liquid xenon target, however this can be further
reduced through online purification [18]. A more
detailed comparison with respect to the energy
and select fiducial volumes can be found in [12].
The expected contributions to the nuclear re-
coil background in XENON1T are shown in Fig.
4, bottom. Most of the NR background comes
from materials, as there are no significant in-
trinsic sources. Considering materials only, the
stainless steel components (cryostat, TPC) are
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Fig. 4: Electronic recoil (top) and nuclear re-
coil (bottom) background contributions from
materials (red) and from intrinsic and external
sources (blue). The number of events per year
in a 1−ton fiducial target is shown in the elec-
tron equivalent (1, 12) keVee region of interest
for electronic recoil events, corresponding to a
nuclear recoil energy interval of (4, 50) keVnr.
the dominant source, in total contributing 40%.
The PMTs contribute 28%, primarily due to the
high concentration of 238U and 232Th and their
daughter isotopes in the ceramic stem of each
PMT. Because of the proximity of the PTFE
reflectors to the sensitive volume, the presence
of heavier nuclei and their daughters contribute
22% by the mechanisms described in Section 4.2.
Coherent neutrino-nucleus scattering (CNNS) is
subdominant, with a contribution similar to the
TPC copper (∼ 3% of total). The muon-induced
nuclear recoil background is also subdominant
due to effective coincidence-tagging with the
Cherenkov muon-veto detector [15].
After conversion into observable signals,
ER/NR discrimination was applied to all back-
ground events. Assuming an ER rejection effi-
ciency of 99.75% at an NR acceptance of 40%,
the total expected NR background in XENON1T
for a 1 ton × 2 year exposure is expected
to be <1 event in the (4, 50) keVnr energy
range. This corresponds to a best sensitivity to
the spin-independent WIMP-nucleon cross sec-
tion of σSI . 10−47 cm2 at a WIMP mass of
mχ= 50 GeV/c
2 [12].
In the planned upgrade of XENON1T to
XENONnT, the LXe target mass will increase
to a total of ∼6 tons. This will require a ∼40%
increase in the linear dimensions of the TPC and
nearly double the number of PMTs. The larger
detector will improve the sensitivity by another
order of magnitude, reaching σSI . 10−48 cm2 at
mχ= 50 GeV/c
2 [12], assuming a negligible con-
tribution from materials and a total exposure of
20 ton·years.
Most of the existing sub-systems for
XENON1T were designed to be reused for
XENONnT, however the upgrade requires the
construction of a new TPC and inner cryostat.
As material-induced ER backgrounds are ex-
pected to be even lower than in XENON1T, the
screening effort and material selection is focused
on reducing the nuclear recoil background. This
is being addressed particularly through contin-
ued efforts to identify low-activity stainless steel
and by pursuing viable alternatives to PTFE,
where possible.
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Item Sample Units 56Co 57Co 58Co 54Mn 46Sc
1 Copper, CW009A mBq/kg 0.06(2) 0.2(1) 0.36(4) < 0.027 −
2 Copper, C10100 mBq/kg 0.31(3) 0.4(1) 1.8(2) 0.22(3) 0.08(2)
3 Copper, C10100 mBq/kg − 0.40(1) 0.35(4) 0.15(2) −
4 Copper, C10100 mBq/kg 0.15(2) 0.7(2) 1.1(1) 0.35(4) −
8 Stainless steel, AISI 316Ti mBq/kg < 0.8 < 7.4 < 1.5 1.2(5) −
9 Stainless steel, AISI 304L mBq/kg − − < 0.6 0.5(2) −
10 Stainless steel, AISI 304 mBq/kg − − − 1.1(3) −
11 Stainless steel, AISI 316L mBq/kg − − − 1.4(3) −
32 Titanium, grade 1 mBq/kg − − − − 2.15(3)
33 Titanium, grade 1 mBq/kg − − − − 1.9(2)
34 Titanium, grade 4 mBq/kg − − − − 1.9(2)
35 Titanium, grade 2 mBq/kg − − − − 2.7(3)
38 Titanium, grade 1 mBq/kg − − − − 1.8(2)
39 Titanium, grade 1 (#38, welded) mBq/kg − − − − 1.0(1)
40 Titanium, grade 1 mBq/kg − − − − 2.2(3)
Table 2: Cosmogenic radioisotopes detected in metal samples. The “Item” numbers are cross-referenced
with those in Table 1. Uncertainties are ±1σ for detected lines (in parentheses) and 95% C.L. for upper
limits.
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